INTRODUCTION
Phosphorylation by cyclin-dependent kinases (Cdks) and protein degradation by the ubiquitin proteasome system are key mechanisms by which the events of the eukaryotic cell division cycle are coordinated (King et al., 1996) . These two pathways serve to phosphorylate or remove several critical cell cycle regulatory proteins in a precise temporal pattern (Pines, 1999; Sullivan and Morgan, 2007; Enserink and Kolodner, 2010; Bassermann et al., 2014) . In fact, these mechanisms are closely linked, in that ubiquitin-mediated proteolysis underlies the periodic accumulation of cyclins and serves to down-regulate Cdk activity. Cdks, on the other hand, may promote or inhibit ubiquitin-mediated proteolysis through phosphorylation of substrate proteins or components of the ubiquitination machinery (Petroski and Deshaies, 2005; Bloom and Cross, 2007; Teixeira and Reed, 2013) .
The anaphase-promoting complex/cyclosome (APC/C) is a large E3 ubiquitin ligase with essential functions during mitosis and G1 (Peters, 2006) . The APC/C recognizes its substrates with the help of two structurally related activator proteins, Cdc20 and Cdh1 (Barford, 2011; Primorac and Musacchio, 2013) . These activators contain a conserved WD40 domain, which folds into a seven-bladed β-propeller and provides receptor sites for specific degradation signals present in APC/C substrates, such as D-and KEN-boxes (Glotzer et al., 1991; Pfleger and Kirschner, 2000; Chao, Kulkarni, et al., 2012; Tian, Li, et al., 2012; He, Chao, et al., 2013) . In addition, the Cdc20 and Cdh1 activators use specific sequence motifs, namely the conserved C-box and C-terminal IR motif (Schwab et al., 2001; Vodermaier, Gieffers, et al., 2003) , as well as the KILR motif identified in human Cdc20 (Zhang and Lees, 2001; Izawa and Pines, 2012) , to bind the APC/C core. These activators not only recruit substrates to the APC/C, but they also stimulate its ubiquitination activity (Kimata et al., 2008; Labit et al., 2012) , probably by a conformational change in the complex (Herzog et al., 2009; Chang, Zhang, et al., 2014) and increased E2 binding (Kelly, Wickliffe, Song, et al., 2014;  localization sequences. Moreover, we analyzed Cdh1 mutants lacking different Cdk sites for their subcellular localization and APC/C binding to gain a deeper understanding of how Cdk1 phosphorylation controls the function of Cdh1.
RESULTS

The NTD of Cdh1 is sufficient for cell cycle-regulated nuclear localization
Phosphorylation by Cdk1 prevents Cdh1 from binding to the APC/C core (Zachariae, Schwab, et al., 1998) . In addition, phosphorylated Cdh1 was found to translocate from the nucleus to the cytoplasm in budding yeast (Jaquenoud et al., 2002) . We sought to study the effects of phosphorylation in more detail and first focused on the subcellular localization of the APC/C activator. To identify localization elements in Cdh1, we created a series of GFP fusion constructs containing truncated or mutated Cdh1 derivatives and used spinningdisk confocal microscopy to analyze their subcellular localization in living yeast cells. Expression levels of the fusion constructs were also compared by Western analysis (Supplemental Figure S1 ). Cdh1 consists of a regulatory NTD, which harbors nine of its 11 consensus sites for Cdk1 phosphorylation, and a C-terminal domain (CTD), which carries the characteristic WD40 propeller involved in substrate binding ( Figure 1A ). In a first step, we fused either the NTD or CTD of Cdh1 to GFP, producing Cdh1(1-257)-GFP and GFP-Cdh1(245-566) constructs, expressed them from the constitutive TEF2 promoter, and compared their localization with the cellular distribution of GFPCdh1, an N-terminal GFP fusion protein of full-length Cdh1, which was expressed transiently from the MET25 promoter due to its potent inhibitory effect on cell division (Supplemental Figure S1B) .
We found that the full-length Cdh1 construct, GFP-Cdh1, localized to the nucleus and the bud neck in a cell cycle-dependent manner, consistent with previous reports (Jaquenoud et al., 2002; Martinez, Jeong, et al., 2006) . In unbudded, G1-phase cells and late-anaphase cells, GFP-Cdh1 resided in the nucleus, as judged by colocalization with a nuclear Cherry marker (Figure 1B, 1 and 4) . In budded cells featuring a single nucleus, however, GFP-Cdh1 was detectable in the cytoplasm and showed only a weak nuclear staining ( Figure 1B2 ). In addition to the cytoplasmic signal, GFP-Cdh1 was visible at the bud neck in budded cells (Figure 1B, 2 and 3) , and colocalized with the septin Cdc11, which we visualized by integrating three copies of the mCherry-encoding gene at the 3′ end of endogenous CDC11 (CDC11-3mCherry, Figure 1B5 ).
Of interest, the NTD of Cdh1 was sufficient to recapitulate the regulated nuclear localization of full-length Cdh1 ( Figure 1C ), as Cdh1(1-257)-GFP showed an intense nuclear signal in late mitotic and G1 phase cells ( Figure 1C , 1 and 4) but little nuclear staining at other cell cycle stages ( Figure 1C , 2 and 3). Unlike full-length Cdh1, Cdh1(1-257)-GFP failed to localize to the bud neck, consistent with the notion of a WD40 domain-mediated association with this compartment (Jaquenoud et al., 2002; Martinez et al., 2012) . Indeed, the CTD construct , which carries the WD40 domain, localized to the bud neck in budded cells ( Figure 1D , 2 and 3). In addition, GFP-Cdh1(245-566) spread over the cytoplasm and was slightly enriched within the nucleus. In contrast to the NTD fusion Cdh1(1-257)-GFP, however, the distribution of between cytoplasm and nucleus remained constant during the cell cycle, indicating that the CTD of Cdh1 lacks sequences for regulated nuclear localization. Given that the WD40 domain functions in substrate recognition (Kraft et al., 2005; Chao, Kulkarni, et al., 2012; Tian, Li, et al., 2012; He, Chao, et al., 2013) , localization of to the cytoplasm and nucleus might result from interactions with Cdh1 substrates. Taken together, these data show Van Voorhis and Morgan, 2014) . Cdc20 activates the APC/C during metaphase and, besides initiating cyclin destruction (Clute and Pines, 1999; Shirayama et al., 1999; Yeong et al., 2000; Wasch and Cross, 2002) , primarily targets the anaphase inhibitor securin for degradation to promote sister-chromatid separation (Cohen-Fix et al., 1996; Waizenegger et al., 2000) . At the end of mitosis, Cdc20 is replaced by the second activator, Cdh1, which activates the ubiquitin ligase against several mitotic regulators to facilitate mitotic exit (Peters, 2006) . Among others, Cdh1 completes the degradation of mitotic cyclins and keeps their protein levels low during the following G1 phase to prevent unscheduled S-phase entry (Brandeis and Hunt, 1996; Irniger and Nasmyth, 1997; Schwab et al., 2001; Wasch and Cross, 2002) . Beyond its important function in dividing cells, APC/CCdh1 is also active in postmitotic cells of higher eukaryotes, with possible roles in controlling differentiation and metabolism, as well as in neuronal survival (Eguren et al., 2011; Almeida, 2012) . Indeed, studies suggest that down-regulation of APC/C-Cdh1 activity might contribute to neuronal cell death in the development of neurodegenerative disorders (Almeida et al., 2005; Maestre et al., 2008) .
Activation of the APC/C by Cdc20 and Cdh1 is tightly regulated to ensure precise and timely degradation of its substrates. This regulation occurs at multiple levels and includes pseudosubstrate inhibitors, Cdc20 turnover, and phosphorylation by Cdk (Pesin and Orr-Weaver, 2008; Primorac and Musacchio, 2013) . Besides other mechanisms that partly differ among organisms, phosphorylation by Cdk is primarily responsible for controlling APC/C activation by Cdh1 and, in addition, helps establish the ordered binding of Cdc20 and Cdh1 to the APC/C. In early mitosis, phosphorylation of APC/C subunits by Cdks supports the binding of Cdc20 (Kramer et al., 2000; Rudner and Murray, 2000; Kraft et al., 2003) . At the same time, Cdk phosphorylation of Cdh1 prevents its association with the APC/C (Zachariae, Schwab, et al., 1998; Jaspersen et al., 1999; Lukas et al., 1999; Blanco et al., 2000; Kramer et al., 2000) . At the end of mitosis, APC/C-Cdc20-dependent reduction of Cdk activity enables phosphatases to dephosphorylate Cdh1 (Wurzenberger and Gerlich, 2011) , which then binds and activates the APC/C until the end of G1 phase. Then, increasing levels of G1/S cyclins, which are not targeted by the APC/C, result in phosphorylation and inactivation of Cdh1 by Cdk. This mutual inhibition between Cdh1 and Cdks is an important feature in cell cycle control for accurate switches between states of high and low Cdk activity.
In budding yeast, phosphorylation by Cdk1 was also reported to cause cytoplasmic localization of otherwise nuclear Cdh1 (Jaquenoud et al., 2002) . Given that APC/C-Cdh1 activity was recently shown to be restricted to the nuclear compartment in Saccharomyces cerevisiae (Arnold, Höckner, et al., 2015) , Cdh1 translocation to the cytoplasm is likely to contribute to inactivation of APC/C-Cdh1. Although subcellular localization of the APC/C, its activators, or substrates might serve as an important mechanism for spatial control of APC/C-Cdh1 activity, this aspect has received attention only recently (Sivakumar and Gorbsky, 2015) . The N-terminal domain (NTD) of yeast Cdh1, similar to Cdh1 orthologues in other organisms, contains multiple sites that match either the minimal (S/TP) or full consensus sequence (S/TPxK/R) for phosphorylation by Cdk1. Proteomic studies show that Cdh1 is indeed phosphorylated at these Cdk consensus sites in vivo (Hall et al., 2004; Holt, Tuch, Villén, et al., 2009; Swaney et al., 2013) . Because most previous experiments were performed with a CDH1 mutant lacking all Cdk sites, the relevance of individual Cdk sites in Cdh1 for its localization and APC/C association has been unresolved. In this study, we used live-cell imaging to analyze green fluorescent protein (GFP) fusion constructs of truncated or mutated versions of Cdh1 to determine The construct was transiently expressed from the MET25 promoter. Cells coexpressed either a nuclear Cherry marker or CDC11-3mCherry to visualize the nucleus or the septin ring, respectively. Representative cells (≥90%, n > 100) for different cell cycle stages. In the CDC11-3mCherry coexpressing strain (bottom), bud neck signals of GFP-Cdh1 and Cdc11-3mCherry were observed in 33 and 67% of the cells (n = 128), respectively. (C-F) Live-cell imaging of cycling cells expressing Cdh1(1-257)-GFP (C, E, and F) or GFP-Cdh1(245-566) (D) from the constitutive TEF2 promoter. Cells coexpressed a nuclear Cherry marker to visualize the nucleus. (C, D) Representative cells ( 90%, n > 100) for different cell cycle stages. A bud neck signal of GFP-Cdh1(245-566) was observed in 60% of the cells (n = 111). (E) Time-lapse microscopy of Cdh1(1-257)-GFP with images taken at 5-min intervals. See Supplemental Movie S1E for full data. Shown are 10-min interval images for a representative cell. Elongation of the nucleus was defined as onset of nuclear division and used as time reference (t = 0 min). (F) Nuclear GFP intensities were measured for the cell shown in E, normalized to the maximum value of the total GFP intensity of both mother and daughter cell, and plotted against the time. DIC, differential interference contrast. Merge, merged GFP and Cherry images. Scale bar, 5 μm.
to the nucleus, as Cdh1(1-144)-GFP was predominantly cytoplasmic in preanaphase cells but nuclear in late mitotic cells ( Figure 2A4 and Supplemental Movie S2A4). To compare the nuclear transport dynamics of Cdh1(1-144)-GFP to the original NTD construct, Cdh1(1-257)-GFP, we followed both fusion proteins by time-lapse microscopy and measured the increase and decrease of nuclear GFP signals in single cells over time. We used the onset of nuclear division and the emergence of a new bud as time reference points to align the resulting quantification curves obtained for nuclear import and nuclear export, respectively. We found that import of Cdh1(1-257)-GFP into the nucleus started 2.3 min (±5.3 min, 13 cells; Figure 2B ) after onset of nuclear division. Nuclear levels of the fusion protein gradually increased more than fourfold on average ( Figure 2B ). Nuclear import of Cdh1(1-144)-GFP largely resembled that of the original NTD construct, as Cdh1(1-144)-GFP started to accumulate in the nucleus simultaneously (2.3 ± 3.3 min, 13 cells; Figure 2B ) and with comparable dynamics. On comparing nuclear export of Cdh1(1-257)-GFP for individual cells, we found that the average time between first appearance of the fusion protein in the cytoplasm and discernible emergence of a new bud was 5.4 min (±3.2 min, 13 cells; Figure 2C ) and did not differ between mother and daughter cells. Nuclear levels of Cdh1(1-257)-GFP declined rapidly within the first 15 min of export, which led to a reduction by ∼50%, and decreased at slow rates thereafter ( Figure 2C ). Cdh1(1-144)-GFP was exported at the same time as Cdh1(1-257)-GFP, as its nuclear signal decreased 5.4 min (±3.8 min, 13 cells) before bud emergence. However, nuclear export of Cdh1(1-144)-GFP was somewhat reduced in such a way that nuclear levels of Cdh1(1-144)-GFP declined less rapidly than those of Cdh1(1-257)-GFP ( Figure 2C ).
The negative effect on nuclear export became even more pronounced when the C-terminal truncation was extended to produce Cdh1(1-100)-GFP ( Figure 2A5 and Supplemental Movie S2A5). Although export started on time, Cdh1(1-100)-GFP was exported from the nucleus at very slow rates, so that its nuclear level remained >80% at 20 min after export onset ( Figure 2C ). Thus sequences within amino acids 101-257 contribute to efficient nuclear export of Cdh1. Unlike its deficiency in nuclear export, Cdh1(1-100)-GFP remained largely proficient for regulated import into the nucleus. Relative to Cdh1(1-144)-GFP or Cdh1(1-257)-GFP, Cdh1(1-100)-GFP was present in the nucleus at an elevated level before nuclear division ( Figure 2 , A and B), which likely arose from its inefficient export. Nevertheless, nuclear levels of Cdh1(1-100)-GFP considerably increased during anaphase (Figure 2, A5 and B) , arguing that the Nterminal 100 residues of Cdh1 may harbor a cell cycle-regulated nuclear localization sequence (NLS), which becomes active during anaphase.
Indeed, bioinformatic analysis (Kosugi et al., 2009 ) predicted a bipartite NLS within the NTD of Cdh1 at residues 24-50 ( Figure 3A) . To test the NLS prediction, we substituted basic residues of the putative NLS by alanines and analyzed the subcellular localization of the resulting Cdh1(1-257)-NLSm-GFP constructs. We observed a pronounced signal in the cytoplasm in anaphase cells in case of the NLSm1 construct lacking the four basic residues of the N-terminal stretch ( Figure 3B1 ). Some mislocalization to the cytoplasm was also associated with mutating the three arginine residues of the C-terminal stretch ( Figure 3B2 ). Combining these mutations in the NLSm1,2 construct essentially prevented nuclear enrichment ( Figure 3B3 ). These data confirm the existence of a bipartite NLS element at residues 24-50 of Cdh1. Further C-terminal sequences may be needed for NLS function, since nuclear localization of the Cdh1(1-63)-GFP construct was compromised ( Figure 2A6 ). that the NTD of Cdh1 mediates regulated localization to the nucleus, whereas the CTD containing the WD40 domain is both required and sufficient for recruitment of Cdh1 to the bud neck.
Unlike full-length Cdh1, constitutive overexpression of the NTD construct Cdh1(1-257)-GFP produced a robust signal in microscopy without affecting cell growth (Supplemental Figure S1 ). This rendered Cdh1(1-257)-GFP a suitable construct to temporally resolve the regulated nuclear localization of Cdh1 by time-lapse microscopy. To this end, we imaged cells expressing Cdh1(1-257)-GFP at 5-min intervals for a period of 2 h to follow the protein through a complete cell division cycle ( Figure 1E and Supplemental Movie S1E). We also measured the fluorescence intensities of nuclear GFP signals to quantitatively assess the changes in Cdh1(1-257)-GFP levels within the nucleus ( Figure 1F ). In budded cells, Cdh1(1-257)-GFP was distributed throughout the cell and slightly enriched in the nucleus. During nuclear division, the GFP signal in the nucleus gradually increased and, at the same time, decreased in the cytoplasm, indicating that Cdh1(1-257)-GFP was imported into the nucleus during anaphase. In late mitosis, Cdh1(1-257)-GFP localized to the nuclei of mother and daughter cells, and the corresponding signals reached maximal intensities. About 20 min after the completion of nuclear division, the nuclear GFP signal abruptly declined in the mother cell by >40% within 5 min. At the same time, a Cdh1(1-257)-GFP signal emerged in the cytoplasm, demonstrating that the fusion protein was exported to the cytoplasm. Of interest, nuclear export of Cdh1(1-257)-GFP was delayed in the respective daughter cell, in which nuclear levels of Cdh1(1-257)-GFP increased over a longer period and, depending on the length of the G1 phase, reached a plateau before nuclear export ( Figure 1 , E and F). This time lag was highly variable in individual cells, which argued that nuclear export of Cdh1(1-257)-GFP occurs independently in mother and daughter cells and is not closely linked to earlier mitotic events, such as spindle breakdown or cytokinesis. Instead, we found that export of Cdh1(1-257)-GFP to the cytoplasm strongly correlated with budding, which marks entry into a new cell cycle.
A similar localization pattern was observed in time-lapse analysis of the full-length GFP-Cdh1 construct. Owing to negative effects on cell growth (Supplemental Figure S1B) , expression of GFP-Cdh1 had to be restricted to a low level. Like the NTD construct, GFPCdh1 accumulated in the nucleus during anaphase and reached a peak value in G1, and its nuclear levels decreased again when cells entered a new division cycle. For both constructs, about fivefold changes in nuclear levels were observed (Supplemental Figure S2) . The partitioning between cytoplasm and nucleus could be more pronounced for endogenous Cdh1, which is expressed at a very low level (Kulak et al., 2014) .
The NTD of Cdh1 contains a regulated nuclear localization sequence
To narrow the region responsible for regulated nuclear localization of Cdh1, we fused truncations of the NTD to GFP and compared the subcellular localization of these constructs with Cdh1(1-257)-GFP ( Figure 2A ). We first cut the N-terminal domain into halves, which generated the constructs Cdh1(1-144)-GFP and Cdh1(145-257)-GFP. The latter construct, comprising the C-terminal portion of the NTD, Cdh1(145-257)-GFP, did not enrich in the nuclei of late mitotic cells ( Figure 2A3 ). Instead, Cdh1(145-257)-GFP spread over the cell at all cell cycle stages in a pattern similar to nonfused GFP ( Figure  2A1 ). Thus sequences within amino acids 145-257 of Cdh1 do not support nuclear localization.
In contrast to Cdh1(145-257)-GFP, the construct containing the N-terminal half of the Cdh1 NTD still showed regulated localization (1-100, gray) were imaged at 5-min intervals, and fluorescence intensities of nuclear GFP signals were measured for individual cells. Top, time point at which the nuclear GFP intensity increased (B) or decreased (C) >10% defined as import start (B) or export start (C), respectively, and plotted vs. time. Each dot represents a single cell, and middle and error bars indicate the mean ± SD for each strain. Bottom, nuclear GFP intensities were measured and normalized to the individual maximum value. For each strain, mean ± SD for all cells is plotted vs. time. Elongation of the nucleus was defined as onset of nuclear division and used as time reference (t = 0 min) in B. The first visible change in cell shape at the future budding site was defined as onset of bud formation and used as time reference (t = 0 min) in C. Sample size is 13 for all strains, except for analysis of export timing for Cdh1(1-100)-GFP (dot plot in C), where nine cells were analyzed. Of interest, the identified NLS element is preceded by two Cdk sites and overlaps with another one ( Figure 3A ). Because Cdk1 phosphorylation has been described to control NLS activity in several cases (Moll et al., 1991; Sidorova et al., 1995; O'Conallain et al., 1999; Liku et al., 2005; Kosugi et al., 2009) , we wondered whether this might also apply to the NLS of Cdh1. As a first approach, we generated N-terminal truncation constructs. Cdh1(12-257)-GFP, which lacks residues 1-11 of Cdh1, resembled the fulllength NTD construct in showing a cytoplasmic and weak nuclear signal before anaphase but an intense nuclear signal in late anaphase ( Figure 3C1 ). Thus the N-terminal 11 residues of Cdh1 are dispensable for regulated nuclear localization. In contrast, Cdh1(21-257)-GFP, which lacks the first two Cdk sites but retains the predicted NLS intact, was nuclear not only in late mitosis but also before anaphase ( Figure 3C2 ). This largely constitutive localization to the nucleus pointed to a critical role of Cdk sites 1 and 2 in controlling nuclear translocation of Cdh1. Further truncation of this construct, which eliminated the N-terminal basic stretch of the predicted bipartite NLS, interfered with nuclear import of the protein.
Like the NLSm1 mutant, the resulting Cdh1(32-257)-GFP was mostly cytoplasmic and failed to accumulate in the nucleus during anaphase ( Figure 3C3 ). These data confirm the predicted NLS and show that its Nterminal basic stretch is required for proper nuclear localization. The data indicate, moreover, that the region preceding the NLS, which contains Cdk sites 1 and 2, is critical for the cell cycle-dependent nuclear localization of Cdh1.
Cdk phosphorylation sites 1-3 regulate nuclear localization of Cdh1
To study more deeply how nuclear import of Cdh1 is controlled by Cdk1 phosphorylation, we replaced the serine or threonine residues of all nine Cdk sites within the NTD of Cdh1 by alanine to create a nonphosphorylatable version named Cdh1(1-257)-m(1-9)A-GFP. Time-lapse microscopy revealed that this phosphosite mutant version, unlike wild-type Cdh1(1-257)-GFP, no longer shuttled between the cytoplasm and the white pins. Mutations of the predicted NLS (NLSm1, NLSm2, and NLSm1,2; see above) are labeled by a red cross, and deleted regions are indicated by black lines. The Cdh1 portions are drawn to scale, unlike GFP. Numbers indicate amino acid positions. Merge, merged GFP and Cherry images. Scale bar, 5 μm.
Cdh1 prepared from extracts of the coexpressing diploid strain, only background levels of Cdc23-Myc9 were detected in HA3-Cdh1 precipitates from the mixed haploid strains (Supplemental Figure S3A) . Thus postlysis formation of APC/C-Cdh1 complexes is negligible in this analysis. Moreover, Cdc23-Myc9 failed to coprecipitate with a version of HA3-Cdh1 whose nuclear localization sequence was inactivated by the NLSm1,2 mutation (Supplemental Figure S3B) , further supporting the view that coprecipitation recovered complexes of Cdh1 formed with the APC/C in vivo.
In a first step, we studied APC/C binding in cells arrested in mitosis by treatment with the spindle poison nocodazole. In these cells, Cdk1 activity, and thus Cdh1 phosphorylation, is maximal. As revealed by fluorescence microscopy of cells expressing CDH1 fused to GFP, wild-type Cdh1 localized to the cytoplasm and failed to enrich in the nucleus of nocodazole-treated cells ( Figure 5B, top) . In contrast, a GFP-tagged version of the APC/C subunit Cdc23 was nuclear under these conditions (Supplemental Figure S4A) . Consistent with being phosphorylated at multiple positions, HA3-Cdh1 migrated heterogeneously in SDS-PAGE and largely failed to bind the APC/C, since immunoprecipitates of HA3-Cdh1 contained little, if any, Cdc23-Myc9 above the background level ( Figure 5C , lane 9). Furthermore, overexpressed HA3-Cdh1 failed to reduce Clb2 levels in cell extracts ( Figure 5C , lane 2). These data indicate that wild-type Cdh1 is phosphorylated, cytoplasmic, and unable to bind or activate the APC/C in nocodazole-arrested cells.
To examine how the localization of Cdh1 influences its interaction with the APC/C, we introduced the m(1-3)A mutation into fulllength Cdh1 to provoke constitutive nuclear localization. As expected, inactivation of Cdk sites 1-3 caused GFP-Cdh1 to localize to the nucleus in the majority of the nocodazole-arrested cells ( Figure 5B , middle). Despite the enhanced nuclear localization, the m(1-3)A mutation hardly improved coprecipitation of Cdc23-Myc9 with HA3-Cdh1 ( Figure 5C , lanes 9 and 10). Thus nuclear localization of Cdh1 is per se not sufficient for robust binding of the activator to the APC/C core, suggesting that APC/C binding of the nuclear Cdh1-m(1-3)A might be inhibited by the remaining Cdk sites in the NTD of Cdh1. These sites are organized into two clusters: Cdk sites 4-7 within residues 157-177 and Cdk sites 8 and 9 at residues 227 and 240 near the end of the NTD of Cdh1 ( Figure 5A ). Indeed, the APC/C interaction of Cdh1-m(1-3)A was enhanced when we eliminated either Cdk sites 4-7 or Cdk sites 8 and 9 in this construct. The resulting m(1-7)A and m(1-3, 8-9)A mutants both bound considerably more Cdc23-Myc9 than Cdh1-m(1-3)A in the coprecipitation analysis ( Figure 5C , lanes 10, 12, and 13), indicating that phosphorylation at both Cdk site clusters, 4-7 and 8 and 9, might inhibit APC/C binding of Cdh1. Moreover, we observed maximal APC/C binding when we mutated all nine Cdk sites within the Cdh1 NTD ( Figure  5C , lane 14), indicating that the effects of Cdk sites 4-7 and Cdk sites 8 and 9 on the APC/C-Cdh1 interaction are additive. Furthermore, we found that mutating Cdk sites 4-9 of Cdh1 improved the interaction with the ubiquitin ligase only when Cdk sites 1-3 were mutated as well, as the m(4-9)A mutant bound substantially less Cdc23-Myc9 than the m(1-9)A mutant ( Figure 5C, lanes 11 and 14) . Because the m(4-9)A mutant, which retains phosphorylation at Cdk sites 1-3, was cytoplasmic in most nocodazole-arrested cells ( Figure  5B , bottom), we conclude that Cdh1 must reside in the nucleus to bind the APC/C.
Analysis of the levels of the mitotic cyclin Clb2 in cell extracts indicated that the ability of the Cdh1 constructs to stimulate Clb2 degradation mostly correlated with the degree of their APC/C binding ( Figure 5C ). Because Cdh1-m(1-3)A and Cdh1-m(4-9)A bound the APC/C only weakly but decreased Clb2 levels by >50%, small nucleus ( Figure 4A and Supplemental Movie S4A). Instead, Cdh1(1-257)-m(1-9) A-GFP localized to the nucleus at all cell cycle stages, and its nuclear levels remained constant throughout the cell cycle ( Figure 4A ). This indicates that nuclear localization of Cdh1 is prevented by phosphorylation of Cdk sites within the NTD.
The finding that Cdh1(1-144)-GFP, which retains only Cdk sites 1-3, still localized to the nucleus in a cell cycle-regulated manner (Figure 2) suggested that Cdk sites 4-9 might be dispensable for the control of Cdh1 localization. To test this idea, we eliminated Cdk sites 4-9 in Cdh1(1-257)-GFP by replacing the respective serine or threonine residues by alanines while leaving the other Cdk sites unchanged. In addition, we created a complementary construct in which Cdk sites 1-3 were mutated and Cdk sites 4-9 were left intact. The m(4-9)A mutant, in which phosphorylation at Cdk sites 1-3 is still possible, accumulated in the nucleus during anaphase and relocalized to the cytoplasm at the end of G1 phase ( Figure 4B and Supplemental Movie S4B). Moreover, quantification of nuclear GFP levels revealed that nuclear import and export of the m(4-9)A mutant occurred with kinetics very similar to that of the wild-type NTD construct Cdh1(1-257)-GFP (Figure 4, D and E) . These results indicate that Cdk sites 1-3 are sufficient to control Cdh1 localization to the nucleus. Consistent with this conclusion, mutation of Cdk sites 1-3 alone disrupted the nucleocytoplasmic shuttling of Cdh1(1-257)-GFP. Like the m(1-9)A construct lacking all Cdk sites, the m(1-3) A mutant resided in the nucleus, and its nuclear levels remained constant during the cell cycle ( Figure 4C and Supplemental Movie S4C). Taken together, these data argue that nuclear localization of Cdh1 during the cell division cycle is controlled by phosphorylation at Cdk sites 1-3.
Cdk phosphorylation sites 4-9 control Cdh1 binding to the APC/C Recent work indicates that APC/C-Cdh1 activity is restricted to the nucleus in budding yeast (Arnold, Höckner, et al., 2015) . Therefore nuclear localization of Cdh1 is expected to be a prerequisite for its biological function. Cdk sites 4-9 of Cdh1 were not involved in the control of nuclear localization (Figures 2 and 4 ), yet an earlier study showed that their removal increased the in vivo activity of Cdh1 (Zachariae, Schwab, et al., 1998) , indicating an important regulatory role. To define further the significance of these phosphorylation sites, we introduced various combinations of Cdk site mutations into fulllength Cdh1 ( Figure 5A ). For expression at comparable levels, singlecopy chromosomal integrations were generated by use of a disintegrator vector system (Sadowski et al., 2007) . To test their ability to bind the APC/C in vivo, Cdh1 and its phosphosite mutants were immunoprecipitated by an N-terminal triple-hemagglutinin (HA3) epitope. Cells coexpressed a Myc9-tagged version of the APC/C subunit Cdc23 from its endogenous locus to assess the amounts of coprecipitated APC/C in Western analysis. In addition, we determined levels of the mitotic cyclin Clb2 in whole-cell extracts as an indicator for the competence of an overexpressed Cdh1 derivative to activate the APC/C and thereby trigger Clb2 degradation.
Because subcellular compartments are disrupted during the preparation of whole-cell protein extracts, we checked beforehand whether coprecipitation would specifically recover APC/C-Cdh1 complexes present in living cells before cell lysis as opposed to complexes of cytoplasmic Cdh1 with nuclear APC/C that might form de novo in cell extracts after cell disruption. To this end, we expressed Cdc23-Myc9 and HA3-Cdh1 separately in haploid strains and mixed them before cell lysis. For comparison, we coexpressed Cdc23-Myc9 and HA3-Cdh1 in a heterozygote diploid strain. Whereas Cdc23-Myc9 was present in immunoprecipitates of HA3- 
(A-E) Live-cell imaging of cycling cells expressing CDH1(1-257)-m(1-9)A-GFP (A), CDH1(1-257)-m(4-9)A-GFP (B, D, E), CDH1(1-257)-m(1-3)A-GFP (C), or CDH1(1-257)-GFP (D, E) from the constitutive TEF2
promoter. Cells were imaged at 5-min intervals (see also Supplemental Movies S4A-S4C). (A-C) Left, selected time points of cells expressing the indicated mutant constructs. Right, nuclear GFP intensities of these cells were measured, normalized, and plotted against the time as in Figure 1F . Elongation of the nucleus was defined as onset of nuclear division and used as time reference (t = 0 min). Diagrams of the constructs are given above. Positions of Cdk sites are indicated by white pins, and mutation of their phosphoaccepting residues to alanines (S/TP changed to AP) are labeled by red crosses. The NLS (blue) and the C-box (orange) are highlighted by colored boxes. Merge, merged GFP and Cherry images. Scale bar, 5 μm. (D, E) Comparison of Cdh1(1-257)-GFP (WT, green) and Cdh1(1-257)-m(4-9)A-GFP (m(4-9)A, blue) for the timing and dynamics of their nuclear import (D) and export (E). Total fluorescence intensities of nuclear GFP signals were analyzed as in Figure 2 , B and C. Top, each dot represents a single cell, and middle and error bars indicate mean ± SD for each strain. Bottom, mean ± SD for all cells of the respective strains. Sample sizes were 13 for Cdh1(1-257)-GFP and 12 for Cdh1(1-257)-m(4-9)A-GFP. Figure S4 . Merge, merged GFP and Cherry images. Scale bar, 5 μm. (C) APC/C binding of HA3-Cdh1 (WT) and the indicated phosphosite mutants in Noc-arrested cells. Various constructs of HA3-CDH1 were expressed from the GALL promoter for 2 h in cells pretreated with Noc for 3 h. HA3-Cdh1 and its phosphosite mutants were immunoprecipitated with HA-specific antibody. Whole-cell extracts (WCEs) and immunoprecipitates (α-HA-IP) were analyzed by Western blotting with HA-and Mycspecific antibodies to detect precipitated Cdh1 proteins and coprecipitated Cdc23-Myc9 expressed from its endogenous gene locus. A CDC23-MYC9 strain lacking the HA3-CDH1 construct served as control (lanes 1 and 8). WCEs were also probed for endogenous levels of Clb2 and Gcd11, which served as loading control, in a separate Western blot analysis using indicated antisera. Histograms show quantifications of Clb2 signals in WCEs (left) and Cdc23-Myc9 signals in immunoprecipitates (right). Clb2 signal intensities were normalized to the corresponding Gcd11 signals, with the value for the CDC23-MYC9 control strain set to 1. Signal intensities of coprecipitated Cdc23-Myc9 were measured, adjusted for Cdh1 recovery, and then normalized to the value of wild-type Cdh1, which was set to 1. *Immunoglobulin G (IgG) bands. (D) APC/C binding of HA3-Cdh1 (WT) and the indicated phosphosite mutants in Noc-arrested cells overexpressing Clb2-db, a stabilized version of Clb2 lacking the destruction box motif (Schwab et al., 1997) . Nocodazole treatment, expression of Cdh1 derivatives and Clb2-db, immunoprecipitation, Western blotting, signal intensity measurements of total Clb2 (Clb2 + Clb2-db) and Cdc23-Myc9 levels, and normalization were performed as in C. *IgG bands.
Cdh1-m(4-9)A version, because the Cdh1-m(1-9)A mutant bound more Cdc23-Myc9 (Figure 6 , lanes 11 and 14) and reduced Clb2 levels more severely than did the Cdh1-m(4-9)A mutant ( Figure 6 , lanes 4 and 7). These data confirm the view that nuclear localization is critical but not sufficient for Cdh1 function. Aspartate substitutions amounts of Cdh1 bound to the APC/C appear to be sufficient to promote Clb2 degradation. Consistent with an increased APC/C activation capacity, the m(1-3)A and m(4-9)A constructs compromised cell growth even at low expression levels (Supplemental Figure  S1B) . Ectopic APC/C activation and a negative feedback on Cdk1 activity might explain why full-length constructs carrying these mutations localize less homogenously than the corresponding Cdh1(1-257) constructs ( Figure 5B and Supplemental Figure S4B ), which are unlikely to activate the APC/C toward B-type cyclins.
The observed reduction of Clb2 levels suggested that the phosphorylation of Cdk sites in a range of proteins, such as core subunits of the APC/C, was lowered by expression of various Cdh1 constructs. To ask whether reduced phosphorylation of proteins other than Cdh1 contributed to APC/C-Cdh1 binding, we repeated the coprecipitation experiment in cells that expressed Clb2-db, a stabilized version of Clb2 lacking the destruction box motif (Schwab et al., 1997) , to maintain mitotic levels of Cdk1 activity. As expected, Clb2-db did not respond to the expression of activated Cdh1 constructs and persisted at levels at least twofold above the regular mitotic level of Clb2 ( Figure 5D ). Under these conditions, the m(1-9) A mutant of Cdh1 efficiently associated with the APC/C, whereas the m(1-7)A and m(1-3)A-m(8-9)A constructs of Cdh1, which retained Cdk sites at positions 4-7 or 8 and 9, were reduced for APC/C interaction relative to the situation in which Clb2-db was not expressed (Figure 5, C and D, . These data indicate that the phosphorylation of Cdk sites 4-7 or 8 and 9 is sufficient to prevent Cdh1 from binding to the APC/C and confirm the crucial role of Cdk phosphorylation sites in Cdh1 in controlling the formation of the APC/C-Cdh1 complex.
To further investigate the role of Cdk sites 4-9 of Cdh1, in a next step, we replaced the serine and threonine residues at these positions by aspartates to imitate constitutive phosphorylation and examined the APC/C-Cdh1 interaction in asynchronously growing, unperturbed cells. As indicated by coprecipitation of Cdc23-Myc9 with HA3-Cdh1, wild-type Cdh1 bound to the APC/C in extracts of cycling cells (Figure 6 , lane 9), which contain a portion of unphosphorylated Cdh1 derived from cells in late mitosis and G1. The phosphomimetic version, Cdh1-m(4-9)D, however, failed to interact with the APC/C, whereas the mutant version that was nonphosphorylatable at these sites, Cdh1-m(4-9)A, bound to the APC/C more efficiently than the wild-type Cdh1 (Figure 6, lanes 8-11) . The mutations of Cdk sites 4-9 caused essentially the same effect when introduced into the m(1-3)A version of Cdh1, which is localized to the nucleus constitutively. Cdc23-Myc9 coprecipitated with Cdh1-m(1-3)A, but only background levels were recovered with the m(1-3) A-m(4-9)D construct ( Figure 6, lanes 12 and 13) , whereas increased amounts of Cdc23-Myc9 relative to Cdh1-m(1-3)A coprecipitated with the Cdh1-m(1-9)A construct, which combines the m(1-3)A and m(4-9)A mutations ( Figure 6, lanes 12 and 14) . The m(4-9)D mutation affected neither the regulated nuclear localization of Cdh1(1-257)-GFP nor the constitutive nuclear localization of the Cdh1(1-257)-m(1-3)A construct (Supplemental Figure S5) , indicating that protein mislocalization cannot be the cause of the observed APC/C binding defects of m(4-9)D mutants of Cdh1. We thus conclude that phosphorylation at Cdk sites 4-9 interferes with the binding of Cdh1 to the APC/C. The ability of overexpressed Cdh1-m(4-9)D mutants to reduce Clb2 levels ( Figure 6 , lanes 3 and 6) might stem from the failure of aspartate residues to fully imitate the phosphorylation of these Cdk sites.
Alanine replacements at Cdk sites 1-3 to allow for constitutive nuclear localization of Cdh1 did not increase the APC/C binding of Cdh1 (Figure 6, lanes 9 and 12) but did enhance the function of the FIGURE 6: Cdk sites 4-9 control the binding of Cdh1 to the APC/C in nonsynchronized cells. Schematic representations of the Cdh1 derivatives. Positions of the NLS (blue), the C-box (orange), the WD40 domain (gray, not drawn to scale), the IR motif (red), and Cdk sites (white pins). Mutation of Cdk sites to alanines (S/TP to AP) are indicated by red crosses, and mutation of Cdk sites to aspartates (S/TP to DP) are indicated by black pins. APC/C binding of HA3-Cdh1 (WT) and the indicated phosphosite mutants was analyzed in nonarrested, cycling cells. Wild-type or mutant derivatives of HA3-CDH1 were expressed from the GALL promoter for 2 h in cycling cells that coexpressed CDC23-MYC9 from the endogenous gene locus. Immunoprecipitation, Western blotting, intensity measurements, and signal normalization were performed as in Figure 5C . *IgG bands. from other target proteins of Cdk1, for which multisite phosphorylation events often synergize toward a single molecular outcome (Deshaies and Ferrell, 2001; Ferrell and Ha, 2014) .
Unlike the APC/C core complex, which is constitutively nuclear localized in budding yeast cells (Zachariae, Shin, et al., 1996; Melloy and Holloway, 2004) , Cdh1 is cytoplasmic before mitosis, accumulates in the nucleus during anaphase, and relocates to the cytoplasm again in late G1 (Figure 1 ; Jaquenoud et al., 2002) . In this work, we identified a bipartite NLS near the N-terminal end of Cdh1 (Figure 3) . Of interest, the function of this NLS was controlled by the phosphorylation of Cdk sites 1-3, since removal of sites 1 and 2 or alanine replacements at sites 1-3 to render them nonphosphorylatable resulted in constitutive nuclear localization (Figures 3 and 4C) . Thus Cdh1 carries a Cdk-inhibited NLS, a localization control element common to various other proteins that shuttle between the nucleus and cytoplasm in a cell cycle-dependent manner (Moll et al., 1991; Sidorova et al., 1995; O'Conallain et al., 1999; Liku et al., 2005; Kosugi et al., 2009) . Within the NLS of Cdh1, Cdk site 3 resides at an optimal position for negative regulation of nuclear import (Figure 7 ; Kosugi et al., 2008 Kosugi et al., , 2009 ). The precise mechanism by which Cdk sites 1 and 2 control NLS function remains to be determined.
In addition to cell cycle-regulated import into the nucleus, our study provides evidence for nuclear export of Cdh1 at the end of G1 phase, as the decrease in nuclear levels of Cdh1(1-257)-GFP was accompanied by an increase of the signal in the cytoplasm ( Figure  1E and Supplemental Movie S1E). Earlier work pointed to a role of the exportin Msn5 in nuclear export of Cdh1 and implicated N-terminal sequences of Cdh1 in Msn5 binding (Jaquenoud et al., 2002) . Our truncation analysis indicates that residues 101-257 of Cdh1 are needed for efficient export to the cytoplasm (Figure 2 ), suggesting that multiple sequence motifs might support Msn5 binding. Indeed, Msn5 interacting regions identified in other studies span 100 or more residues and do not share apparent similarities (DeVit and Johnston, 1999; Boustany and Cyert, 2002; Ueta et al., 2007) , impeding the determination of a consensus sequence for Msn5-mediated nuclear export, unlike the situation for the exportin Crm1 (Kutay and Guttinger, 2005) . In several cases, phosphorylation of the exported proteins promoted their binding to Msn5, resulting in regulated nuclear export (Kaffman et al., 1998; DeVit and Johnston, 1999; Boustany and Cyert, 2002; Ueta et al., 2007; Taberner et al., 2009; Wagner et al., 2009) . However, phosphorylation of Cdh1 did not enhance its binding to Msn5 (Jaquenoud et al., 2002) . Thus it remains open whether export of Cdh1 is regulated. Constitutive export combined with nuclear import during anaphase and G1 controlled by a potent, Cdk-inhibited NLS might explain the cell cycledependent localization of Cdh1.
After nuclear export, a portion of Cdh1 localized to the bud neck. This association was mediated by the C-terminal WD40 substratebinding domain of Cdh1 (Figure 1, B and D) . Even though certain substrates, such as Hsl1 and Iqg1, localize to this structure (Barral et al., 1999; Burton and Solomon, 2000; Ko et al., 2007) , Cdh1 is unlikely to be active there because Cdh1 is phosphorylated at its at Cdk sites 1-3 were compatible with APC/C binding but affected the regulated nuclear localization of a Cdh1-NTD construct (Supplemental Figure S3 , B and C). The differential behavior of the phosphomimetic m(1-3)D and m(4-9)D mutations supports the notion of separate functions associated with these Cdk sites of Cdh1.
Proteins with multiple Cdk sites may be phosphorylated in a cascade-like manner. In one such mechanism, the Cdk1 complex uses its phosphoadaptor subunit Cks1 to bind a Cdk docking site (Koivomägi et al., 2011 McGrath, Balog, et al., 2013) . Because the Cdk site 7 of Cdh1 fits the consensus sequence for Cks1 binding, we analyzed the consequence of mutating site 7 alone. In mitotic cells, the m7A mutant of HA3-Cdh1 was still phosphorylated at multiple positions, as indicated by its heterogeneous mobility in SDS-PAGE, and resembled the wild-type version of HA3-Cdh1 in its inability to coprecipitate Cdc23-Myc9 under these conditions (Supplemental Figure S6, lanes 8 and 9) . Moreover, in the nuclear-localized m(1-3)A version, coprecipitation of Cdc23-Myc9 increased when the m(4-6)A mutation was combined with m7A and increased further when m(8-9)A was added (Supplemental Figure S6 , lanes 10-12). Thus there is no evidence for a critical role of the Cdk site 7 in priming phosphorylations at other Cdk sites of Cdh1.
DISCUSSION
The ubiquitin ligase APC/C-Cdh1 is restricted in its function to cell cycle stages of low Cdk activity, that is, late mitosis and G1, due to inactivation of the Cdh1 activator by phosphorylation at multiple Cdk sites (Zachariae, Schwab, et al., 1998; Jaspersen et al., 1999; Kramer et al., 2000) . Earlier work showed that all nine Cdk sites in the NTD of budding yeast Cdh1 contribute to inactivation (Zachariae, Schwab, et al., 1998) , but details of the underlying mechanism and the significance of having multiple phosphorylation sites remained unclear. This work reports that Cdk sites of budding yeast Cdh1 are organized into autonomous subgroups that control either the nuclear localization of Cdh1 or the binding of Cdh1 to the APC/C core complex. Thus the Cdk phosphorylation sites of yeast Cdh1 operate through distinct mechanisms. This sets Cdh1 apart (Chang, Zhang, et al., 2015) . Red asterisks indicate Cdk sites whose phosphorylation prevents APC/C binding of human Cdh1 (Chang, Zhang, et al., 2015) . Ordered regions are illustrated by lines and helices according to Chang, Zhang, et al. (2015) .
ited NLS in human Cdh1 suggests that APC/C-Cdh1 activity in human cells might also be controlled at the level of Cdh1 localization. Indeed, phosphorylation of Cdh1 by Cdk5 under excitotoxic conditions was reported to cause accumulation of Cdh1 in the cytoplasm of postmitotic neurons, leading to increased cyclin B1 levels in the nucleus and subsequent cell death (Maestre et al., 2008) . Thus, at least in nondividing cells, Cdk-regulated nuclear localization of Cdh1 might provide spatial control of APC/C-Cdh1 activity in higher eukaryotes as well.
MATERIALS AND METHODS
Yeast strains and DNA constructs
All strains used in this study are derivatives of W303 and listed in Supplemental Table S1 . Standard protocols were used for transformation, mating, sporulation, and tetrad dissection of yeast cells (Ausubel et al., 2005) . Yeast plasmid vectors are derivatives of pRS vectors (Sikorski and Hieter, 1989) or the disintegrator vector pIS375 (Sadowski et al., 2007) and are listed in Supplemental Table S2 . PCR was used to amplify and add restriction sites to genes or gene fragments for subsequent cloning. All constructs generated by PCR were verified by commercial DNA sequencing (Seqlab, Göttingen, Germany).
All CDH1 constructs in this study are based on pWS203 (Schwab et al., 1997) . CDH1 mutant alleles lacking potential Cdk phosphorylation sites due to replacement of the corresponding serine or threonine codons by alanine codons have been described (Zachariae, Schwab, et al., 1998) . New combinations of Cdk-site mutations were generated by exchanging gene segments between mutant and wild-type CDH1 constructs using internal restriction sites. To generate the m(4-9)D mutation, a CDH1 fragment in which the threonine and serine codons of Cdk sites at positions 157, 169, 173, 176, 227 , and 239 were changed to aspartate codons was produced by commercial gene synthesis (Eurofins Genomics, Ebersberg, Germany). Internal XcmI and ClaI sites were used to replace codons 74-283 of wild-type CDH1 and CDH1-m(1-3)A with the equivalent codons of the synthesized fragment to produce CDH1-m(4-9)D or CDH1-m(1-3)A-m(4-9)D, respectively. Site-directed mutagenesis (Stratagene, La Jolla, CA) was used to replace the phosphoaccepting residues of Cdk sites 1-3 (T12, S16, and S42) with aspartate codons, creating CDH1-m(1-3)D. To inactivate the predicted NLS in the NTD of CDH1 (NLSm1, NLSm2, and NLSm1,2), the lysine and arginine codons within the predicted sequence ( Figure 3A ) were changed to alanine codons by site-directed mutagenesis.
GFP fusion constructs of Cdh1 were created using a codon-optimized version of the GFP gene (Cormack et al., 1997) . In pWS2793 and pWS4085, the GFP gene was amplified by PCR and cloned between the TEF2 promoter and the CYC1 terminator in pRS306. The TEF2 promoter was PCR amplified from yeast genomic DNA (445 base pairs upstream to the TEF2 open reading frame) and the CYC1 terminator derived from p414-GAL1 (Mumberg et al., 1994) . CDH1 truncation constructs encoding the Cdh1 NTD were generated by PCR using pWS203 as a template and cloned between the TEF2 promoter and the GFP gene in pWS4085. To produce CDH1 truncation constructs bearing mutations in Cdk phosphorylation sites or the predicted NLS, plasmid vectors that contain the respective mutant allele of CDH1 were used as PCR templates. CDH1(codons 245-566) encoding the CTD were PCR amplified from pWS203 and fused to the 3′ end of the GFP gene in pWS2793. In pWS4667, the CDH1 gene was first amplified by PCR from pWS203 and cloned to the 3′ end of the GFP gene in pWS2793, and the TEF2 promoter was then replaced by the MET25 promoter of p413-MET25 (Mumberg et al., 1994) . In pWS4721 and pWS4722, wild-type CDH1 was Cdk sites in the NTD and therefore inhibited for APC/C binding in this cell cycle stage. Moreover, localization studies failed to detect any APC/C at the bud neck (Zachariae, Shin, et al., 1996; Melloy and Holloway, 2004) . Finally, degradation of the bud neck localized substrate Iqg1 started in late anaphase (Arnold, Höckner, et al., 2015) , a stage at which Cdh1 has already left the bud neck and entered the nucleus. Thus ubiquitination by Cdh1 at the bud neck seems unlikely. Instead, localization to the bud neck might contribute to the regulation of Cdh1 by supporting cytoplasmic retention to reinforce exclusion of Cdh1 from the nucleus before anaphase.
Besides regulating nuclear localization via Cdk sites 1-3, we found that Cdk1 controls APC/C binding of Cdh1 by phosphorylation at Cdk sites 4-9, which are subdivided into two clusters. Of importance, phosphorylation of each cluster affected the APC/CCdh1 interaction, and simultaneous mutation of both clusters had an additive effect on Cdh1 binding to the APC/C ( Figure 5C ), raising the possibility that these two groups of Cdk sites regulate distinct APC/C interaction motifs in Cdh1. This idea receives support from a recent study that describes an atomic model of human APC/C-Cdh1 bound to its inhibitor Emi1 (Chang, Zhang, et al., 2015) . According to this model, the Cdh1 NTD makes multiple contacts to the APC/C subunits Apc8/Cdc23 and Apc1. Whereas the C-box and a conserved LF motif bind to Apc8/Cdc23, two α-helices interact with the PC domain of Apc1 through conserved hydrophobic residues, including the leucine residues of a KLLR motif, which resembles the KILR motif, identified as an APC/C binding site in human Cdc20 (Zhang and Lees, 2001; Izawa and Pines, 2012) . Moreover, Chang, Zhang, et al. (2015) discovered that only four of the nine Cdk sites in human Cdh1 are critical for the negative regulation of APC/C-Cdh1 activity by phosphorylation. The atomic model revealed that two of these Cdk sites (serine 40 and threonine 121) reside at the interface to Apc8/Cdc23, whereas the other two sites (serines 151 and 163) are adjacent to the KLLR motif that contacts Apc1. Of note, the hydrophobic residues of the KLLR motif, as well as the flanking Cdk sites, which correspond to Cdk sites 8 and 9 in yeast Cdh1, are invariant in mammalian and yeast orthologues ( Figure 7B ). Although Cdk sites 4-7 of yeast Cdh1 are less conserved in their number and position, sequence alignment indicates that these sites are adjacent to the conserved LF motif, which makes contacts to Cdc23/Apc8 in human APC/C and may therefore be equivalent to threonine 121 of the human protein ( Figure 7B ). Thus APC/C binding sites, as well as their regulation by Cdk phosphorylation, seem to be conserved among Cdh1 orthologues.
Of interest, human Cdh1 contains a Cdk-inhibited NLS in its Nterminal domain like its orthologue in budding yeast (Zhou et al., 2003a) . However, the NLS of human Cdh1 is not located at the Nterminal end of the activator but instead comprises a 28-amino acid stretch adjacent to the WD40 domain and includes both the KLLR motif and the neighboring Cdk sites. This region was reported not only to be required for nuclear localization of human Cdh1 (Zhou et al., 2003b) , but also to be sufficient to drive heterologous GFP into the nucleus (Zhou et al., 2003a) . Thus, in the case of human Cdh1, the NLS overlaps with an APC/C binding site. In fact, the NLS of human Cdh1 is controlled by the same Cdk sites (Zhou et al., 2003a) , whose phosphorylation is also involved in preventing human Cdh1 from binding and activating the APC/C in vitro (Lukas et al., 1999; Chang, Zhang, et al., 2015) . This appears different in budding yeast, since a segment comprising the KLLR-Cdk-site region of yeast Cdh1, residues 145-257, did not confer nuclear localization to GFP. In addition, none of the Cdk sites 4-9 located in this subdomain affected nuclear transport of Cdh1(1-257)-GFP. Despite these differences in the NLS location, the presence of a Cdk-inhib-Germany) equipped with a CSU-X1 confocal spinning-disk unit (Yokogawa, Tokyo, Japan) and an AxioCam MRm camera (Carl Zeiss). Z-stacks with 10 slices at 0.5-μm distance were taken with an exposure time of 200 ms for each channel. For time-lapse images, Z-stacks were taken at 5-min intervals for 2 h.
Data processing and quantification were done with ImageJ (National Institutes of Health, Bethesda, MD). To compile images or movies, Z-stacks were projected using median-intensity projection for the DIC channel or maximum-intensity projection with subsequent contrast enhancement for fluorescence channels. A region of interest (ROI) was selected and duplicated for each channel, fluorescence channels were merged, and single images were combined using the stack-combiner plug-in.
Nuclear GFP intensities were quantified in nonprojected fluorescence channels using the three-dimensional (3D) manager plug-in (Ollion et al., 2013) . To this end, an identical area without cells or fluorescence signal was selected for both fluorescence channels and used for subtraction of background applying the "background subtraction from ROI" command of the ROI plug-in (number of SD from mean = 0). An identical area containing the cell of interest was defined in each channel and duplicated as a hyperstack consisting of Z-slices and time frames. For each channel, the duplicated hyperstack was split into single time frames, and the resulting Z-stacks were then assembled in chronological order into one combined Zstack. To automatically recognize and load nuclear signals as ROIs into the 3D manager, a median filter (radius 3.0) and subsequently an automatic threshold (MaxEntropy) were applied to the combined Z-stack displaying the nuclear Cherry marker, and then the "3D segmentation" function of the 3D manager plug-in was used to label nuclear signals as ROIs. After addition to the 3D manager, the ROIs were applied to the combined Z-stack of the GFP channel, and nuclear GFP intensities were measured using the "Quantify 3D" function of the 3D manager plug-in.
Protein analysis
For preparation of whole-cell extracts (WCEs), exponentially growing cells were harvested by centrifugation, washed once with icecold water, and resuspended in ice-cold lysis buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.5, 5 mM EDTA, 0.1% IGEPAL CA-630). Optionally, lysis buffer was supplemented with 50 mM NaF and 60 mM β-glycerol phosphate to inhibit phosphatase activity during extract preparation ( Figures 5 and 6 and Supplemental Figures S3 and S6 ). An equal volume of glass beads was added to the cell suspension, and cells were broken in a mixer mill (Retsch, Haan, Germany) for 5 min at 4°C. Cell debris and glass beads were removed by centrifugation at 4°C. For analysis of WCEs, the supernatant was mixed with an equal volume of 2× Laemmli sample buffer and boiled for 10 min at 100°C. For immunoprecipitation of HA3-tagged Cdh1 derivatives, WCEs were incubated with mouse monoclonal anti-HA antibody (12CA5) for 2 h at 4°C. Protein A-agarose beads were added, and the mixtures were rotated for an additional 2 h at 4°C. Beads were collected by centrifugation, washed three times with ice-cold lysis buffer, and boiled in Laemmli sample buffer for 10 min at 100°C.
Proteins were separated on a 9% SDS-PAGE gel and blotted on a nitrocellulose membrane by standard semidry Western blotting. 12CA5 antibody was used to detect HA-tagged Cdh1 proteins. Cdc23-Myc9 was detected with mouse monoclonal anti-Myc antibody 9E10 or rabbit polyclonal anti-Myc antibody A-14 (Santa Cruz Biotechnology, Dallas, TX; Supplemental Figure S3 ). GFP fusion proteins were detected with mouse monoclonal GFP antibody (Roche, Indianapolis, IN). Endogenous Gcd11, Tub2, and Clb2, as replaced by CDH1-m(1-3)A and CDH1-m(4-9) A constructs, respectively. All GFP fusion constructs were integrated at the URA3 locus.
For coimmunoprecipitation analysis, full-length CDH1 constructs containing mutations in Cdk sites were fused to pGALL-HA3 by replacing wild-type CDH1 in pWS383 (pGALL-HA3-CDH1-tCYC1 in pRS306 (Schwab et al., 2001) . The resulting pGALL-HA3-constructs were then cloned into the disintegrator plasmid pIS375 to enable selection for single-copy integrations as described (Sadowski et al., 2007) . In brief, pIS375 contains a URA3 marker gene, as well as YipIn and Yip-Out elements, which are the flanking sequences of the yeast genomic MET15 gene. pGALL-HA3-CDH1 constructs were cloned between the Yip-In and Yip-out elements, which produce duplicated sequences after integration of the plasmids at the MET15 locus via the Yip-In element. Transformed cells were selected on synthetic complete (SC)-uracil plates (3 d, 30°C). Selected colonies were first restreaked onto SC-uracil plates (2 d, 30°C) and subsequently onto yeast extract/peptone/dextrose plates (4 d, 25°C) to allow recombination within the integrated plasmid construct under nonselective conditions. Colonies were then restreaked twice in a row onto SC plates supplemented with 1 mg/ml 5-fluoroorotic acid (Zymo Research, Irvine, CA) to select for recombination-mediated loss of the URA3 marker gene. Recombination events resulted in either complete loss of the integrated plasmid or singlecopy integration of the pGALL-HA3-CDH1 construct within the disrupted MET15 gene. Clones bearing single-copy integrations were identified by replica plating on SC-methionine plates and verified by Western analysis.
The CDC23-MYC9 construct and the nuclear Cherry marker have been described (Zachariae, Shin, et al., 1996; Arnold, Höckner, et al., 2015) . Endogenous CDC23 was tagged with GFP using a PCR-based epitope tagging method described previously (Sheff and Thorn, 2004) . To create endogenously expressed CDC11-3mCherry, the CDC11 gene was PCR amplified from yeast genomic DNA and fused to the 5′ end of the 3mCherry construct (Shaner et al., 2004) in pRS305. The resulting plasmid (pWS3124) was integrated at the CDC11 locus.
Media, growth conditions, and cell cycle arrest
Cells were grown at 25°C in yeast extract/peptone (YEP) complex medium containing adenine (100 mg/l), tryptophan (200 mg/l), and KH 2 PO 4 (10 mM) supplemented with 2% glucose or 2% raffinose. To induce expression of GFP-CDH1 constructs from the MET25 promoter, exponentially growing cells cultivated in glucose-containing YEP medium were harvested by centrifugation, washed once in synthetic medium lacking methionine, and then cultivated in synthetic medium lacking methionine for 45 min. For low-level, constitutive expression from the MET25 promoter, cells were cultivated in synthetic medium supplemented with 100 μM methionine. To induce expression of HA3-CDH1 constructs from the GALL promoter or CLB2-db from the GAL1-10 promoter, galactose (2%) was added for 2 h to exponentially growing cells cultivated in YEP medium containing raffinose. For cell cycle arrest in metaphase, cells were incubated in the presence of 7.5 μg/ml nocodazole (AppliChem, Darmstadt, Germany) for 3 h.
Fluorescence microscopy
For live-cell imaging, exponentially growing cells were harvested by centrifugation, transferred onto a coverslip, and covered with an agarose pad (0.75% agarose) supplied with amino acids, yeast nitrogen base, and glucose (2%). Cells were imaged at 21-22.5°C using a Plan Apochromat 63×/1.40 oil differential interference contrast (DIC) M27 lens on an Observer Z.1 microscope (Carl Zeiss, Jena, well as Clb2-db, were probed with specific polyclonal rabbit antisera. Goat anti-mouse IRDye800 and goat anti-rabbit IRDye680 antibodies (LI-COR Biosciences, Bad Homburg, Germany) were used as secondary antibodies, and immunoblots were analyzed with an Odyssey Infrared Imaging System (LI-COR Biosciences).
To quantify the fluorescence intensities of detected signals, integrated density plots were produced using the gel analyzer function of ImageJ. To this end, lanes of interest were marked in their whole length using the rectangle tool. The width of the marking rectangle was smaller than the width of the smallest band quantified. After generation of the profile plots, a line was drawn within the plotted peaks at the level of the integrated background to perform a baseline subtraction. The areas of such enclosed peaks were then measured using the wand tool. Quantification of Clb2 signals in WCEs and Cdc23-Myc9 signals in coimmunoprecipitates are shown in histograms. For the Clb2 histogram, Clb2 signal intensities were calculated and normalized to the corresponding Gcd11 signals, and the value for the control strain was set to 1. For the Cdc23-Myc9 histogram, signal intensities of coprecipitated Cdc23-Myc9 were measured, adjusted for Cdh1 recovery, and then normalized to wild-type Cdh1 (WT = 1).
